ABSTRACT This paper presents a broadband bow-tie antenna based on the metamaterial-inspired periodic structure of coupled complementary split-ring resonators substrate-integrated waveguide for the first time. The CSRRs and two branches of the bow-tie patch are etched on the top and bottom metal surfaces of the substrate. The CSRRs produce a resonant frequency, which can be combined with the two resonant frequencies produced by the bow-tie patch and the feedline of the bow-tie patch. The bandwidth can then be broadened. In order to enhance the gain in the low-frequency bandwidth, the gap width g of the CSRR is decreased without destroying its broadband characteristic. By decreasing g from 1 to 0.5 mm, the minimum gain in the low-frequency bandwidth is increased from 3.4 to 5.2 dBi, and the flat gain characteristic is obtained in the whole operating frequency range. The experiment results show that the realized antenna can operate from 7.3 to 10.3 GHz with the gain of 5.1 to 6 dBi. The absolute bandwidth is about 3 GHz, and the relative bandwidth is about 34.1%. Compared with the results for dipole antennas based on traditional SIW which with a series of metalized via holes embedded in a thin metal-backed dielectric substrate as the side walls, the relative bandwidth is improved about at least 17.7%.
I. INTRODUCTION
The substrate-integrated waveguide (SIW) [1] is a planar transmission line that has dominated microwave technology over the last decade. Its form closely resembles a common dielectric-filled waveguide, while its side walls are implemented by means of a series of metallized via holes that confine EM propagation within a certain wave channel and the whole structure is embedded in a thin metal-backed dielectric substrate. The SIW offers acceptable propagation losses in the microwave and millimeter-wave range, significantly lower propagation losses compared to conventional planar lines like microstrips or coplanar waveguides [2] , [3] . Scholars have done a lot of research works on the traditional SIW based dipole antenna. In [4] , a broadband SIW bowtie slot antenna is proposed. The center frequency of the realized antenna is 9.81 GHz, and the relative bandwidth is 8.9%. A broadband and high-gain substrate integrated waveguide (SIW)-fed antenna array is demonstrated for 5G applications in [5] . The measured impedance bandwidth of the proposed 8×8 antenna array is 16.3% from 35.4 to 41.7 GHz for S 11 < −10 dB. In [6] , a directional twoelement millimeter wave dipole antenna array fed by SIW coupler is presented. The measured amplitudes of S 11 and S 22 are below −10 dB from 45.5 GHz to 49.5 GHz, and the relative bandwidth is 8.4%. In [7] , the dipole antenna radiated through the equivalent magnetic current loops on the top and bottom annular ring slot that is excited by the fundamental mode of the SIW cavity. The center frequency of the realized antenna is 16.5 GHz, and the relative bandwidth is 1.8%. In [8] , modified topology of the 2-D multibeam antenna array fed by a passive beamforming network (BFN) is proposed by introducing two sets of vertical interconnections into the conventional array configuration. Wide bandwidth of 16.4%, and stable radiation beams are achieved by the fabricated prototype. In [9] , a W-band SIW magnetoelectric (ME) dipole array antenna is reported. The bandwidth is about 13.89%, from 78.4 to 90.1 GHz. In [10] , a high gain bow-tie antenna that operated across 57 GHz-64 GHz for application in high data rate point-to-point communication systems was reported. The relative bandwidth is 11.5%. In recent years, scholars have proposed some new types of SIW structures. In 2014, an empty SIW structure (ESIW) [11] is proposed. The measured quality factor is 4.5 times higher than for the same filter in the traditional SIW. In 2015, a three-layered air-filled SIW [12] is proposed. It allowed for substantial loss reduction and power-handling capability enhancement [13] .
In 2017, a novel fully planar SIW based on metamaterial -inspired periodic structure of coupled complementary split-ring resonators (CSRR-SIW) is proposed in [14] . The CSRRs are etched on the metal surfaces that cover both sides of the dielectric substrate. This metamaterial inspired structure provides a single-negative effective material parameter behavior [15] - [17] that blocks wave propagation to the perpendicular direction and completely replaced the series of via posts that is characteristic of a conventional SIW. The proposed transmission line has excellent propagation characteristics, since propagation losses are kept at levels comparable to those of the traditional SIW, while the fully planar structure and the associated ease of implementation render the CSRR-SIW a strong alternative for a cost-effective implementation of microwave and millimeter-wave circuits and antenna. In [18] , a slot antenna based on CSRR-SIW is proposed. The relative bandwidth is 7%.
In this paper, novel fully planar CSRR-SIW is applied to the design of the dipole antenna for operation in C-band and X-band of microwave frequency range. The CSRRs and a pair of bow-tie patches are etched on the top and bottom metal surfaces of the dielectric substrate. Meanwhile, the bow-tie patches are fed through the CSRR-SIW feed-line. The CSRRs not only confine wave propagation within the SIW, but also produce a resonant frequency, which can be combined with the two resonant frequencies produced by the bow-tie patch and the feedline of the bow-tie patch. The bandwidth can then be broadened. By decreasing the gap width g of the CSRR, the gain in the low-frequency bandwidth is enhanced. The simulated and measured results show that the realized antenna can operate from 7.3 GHz to 10.3 GHz with the gain of 5.1 dBi to 6 dBi. The absolute bandwidth is 3 GHz, and the relative bandwidth is 34.1%. Compared with the results for traditional SIW dipole antennas in [4] - [10] , the relative bandwidth is improved at least 17.7%. substrate and fed through the CSRR-SIW feed-line. The antenna is realized on Rogers 5880 substrate with a thickness of 0.504 mm and a dielectric constant of 2.2. The dimensions of the antenna are listed in Table 1 .
II. DESIGN OF BROADBAND BOW-TIE ANTENNA

A. WORKING MECHANISM OF THE PROPOSED ANTENNA
First, the working mechanism of proposed antenna is investigated by analyzing surface current distribution. And to illustrate the effect of CSRR-SIW on performance of the proposed antenna, the counterpart with traditional SIW is compared to the CSRR-SIW based antenna. The simulated analysis is done with CST Microwave Studio. In Fig. 2 , the current distribution over the antennas fed by traditional SIW and CSRR-SIW at 7.56 GHz are shown. We observed from Fig. 2 (a) that the current is concentrated in the traditional SIW completely. However, when the CSRR-SIW is used (in Fig. 2(b) ), most of the current propagate through the channel provided by the left and right double CSRRs. Meanwhile, the CSRRs cut surface currents, and bring about a large amount of radiation along the edge of the inner CSRRs. Since most of the electromagnetic waves are confined in the waveguide, the surface current near the inner CSRRs is stronger than that of the outer CSRRs. And the radiation is mainly generated by the inner CSRRs. It confirms that the CSRR-SIW not only confine wave propagation within the waveguide, but also radiate electromagnetic waves through the CSRRs.
Based on the previous conclusion, the wideband mechanism of antenna based on CSRR-SIW can be discussed. In Fig. 3 , the simulated imaginary part of the input impedance and S 11 for the antennas fed by traditional SIW and CSRR-SIW are shown. From Fig. 3 (a) , when the traditional SIW is used, there are two resonant frequencies at f 2 = 9 GHz and f 3 = 9.96 GHz that produced by the bow-tie patch and the feedline of the bow-tie patch present, respectively. But when the CSRR-SIW is used, another resonant frequency at f 1 = 7.56 GHz that produced by the CSRRs appears. By adjusting the structure parameters, the three resonant frequencies combined with each other, as shown in Fig. 3 (b) . In this case, a broadband antenna based on CSRR-SIW can be obtained.
B. PARAMETRIC ANALYSIS OF CSRR-SIW BASED ANTENNA
The numerical analysis for different dimensions of the CSRR-SIW based antenna is done with CST Microwave Studio. The results show that the width of the feedline for CSRR-SIW w 1 and w 2 , the inner diameter of the CSRR r i , the transverse and longitudinal width of the bow-tie patch w 4 and l 3 , and the length of feedline for bow-tie patch l 2 have larger impacts on the performance of antenna. The results are shown in Figures 4 through 9 .
In Fig. 4 , the effect of w 1 on the impedance and S 11 are shown. We observed that w 1 mainly affect the impedance matching in the whole operating frequency range. In Fig. 4 (a) and Fig. 4 (b) , when w 1 = 0.5 mm, there are three resonant frequencies: f 1 = 7.56 GHz, f 2 = 9 GHz and f 3 = 9.96 GHz. At these frequencies, the antenna has a better impedance matching. But at other frequencies, the antenna has a higher impedance. For example, the maximum real and imaginary parts of impedance from f 1 to f 2 can reach 95 and 98 , respectively. The corresponding values from f 2 to f 3 are 92 and 20 . Therefore, the antenna operates on three separate frequency bands, as shown in Fig. 4 (c) . When w 1 = 1.5 mm, the maximum real and imaginary parts of impedance decrease to 68 and 38 from f 1 to f 2 . From f 2 to f 3 , the real part drops to near 50 and the maximum imaginary part of impedance drops to 12 . As a result, three bands are combined together and a broadband antenna with a bandwidth from 7.3 GHz to 10.3 GHz is obtained, as shown in Fig. 4 (c) . When w 1 = 2.5 mm, the three resonances are weakened and separated from each other because of the bad impedance matching. Therefore, the bandwidth is narrow.
In Fig. 5 , the effect of w 2 on the impedance and S 11 are shown. We observed that w 2 mainly affect the resonances at f 2 and f 3 . In Fig. 5 (a) and Fig. 5 (b) , when w 2 = 5 mm, there are three resonant frequencies: f 1 = 7.56 GHz, f 2 = 8.92 GHz and f 3 = 9.92 GHz. At these frequencies, the antenna has a better impedance matching. Especially at f 3 = 9.92 GHz, the real and imaginary parts of impedance is 51 and 0.49 , respectively. Then the resonance at f 3 is strong, as shown in Fig. 5 (c) . But at other frequencies, the antenna has a bad impedance matching. Therefore, the antenna operates on three separate frequency bands, as shown in Fig. 5 (c) . When w 2 = 6 mm, f 2 = 9 GHz and f 3 = 9.88 GHz. Because of the good impedance matching, the three bands are combined together and a broadband antenna with a bandwidth from 7.3 GHz to 10.3 GHz is obtained, as shown in Fig. 5 (c) . When w 2 = 7 mm, the resonances at f 2 and f 3 are weakened because of the bad impedance matching. Then the bandwidth is narrow.
In Fig. 6 , the S 11 for different r i are shown. We observed that r i mainly affect the resonant frequency at low-frequency band produced by the CSRRs. With the increasing of r i , the effective electrical length of the CSRRs increases and the resonant frequency decreases. When r i = 1.12 mm and 1.16 mm, the resonant frequency produced by the CSRRs are about 7.72 GHz and 7.56 GHz and the absolute bandwidth are 2.76 GHz and 3 GHz, respectively. When r i = 1.2 mm, the resonant frequency produced by the CSRRs is about 7.4 GHz. And it is separated from the resonance introduced by the bow-tie patch near about 9 GHz. Then the broadband characteristic of the antenna is destroyed.
In Fig. 7 , the effect of w 4 on the impedance and S 11 are shown. We observed that w 4 mainly affect the resonance at the second resonant frequencies f 2 introduced by the bow-tie patch near about 9 GHz. With the increasing of w 4 , the effective electrical length of the bow-tie patch increases and the resonant frequency f 2 decreases. In Fig. 7 (a) and Fig. 7 (b) , when w 4 = 4.5 mm, there are three resonant frequencies: f 1 = 7.56 GHz, f 2 = 9.1 GHz and f 3 = 9.88 GHz. At these frequencies, the antenna has a better impedance matching. But at other frequencies, the antenna has a higher impedance. For example, the maximum real and imaginary parts of impedance from f 1 to f 2 can reach 166 and 92 , respectively. Then the antenna operates on two separate frequency bands, as shown in Fig. 7 (c) . When w 4 = 6 mm, the resonant frequencies f 1 and f 3 are still at 7.56 GHz and 9.88 GHz, but f 2 decreases to 9 GHz. And the antenna has a good impedance matching from f 1 to f 3 . Then the antenna has the widest bandwidth of 3 GHz. When w 4 increases to 7 mm, f 2 decreases to 8.7 GHz, and the impedance matching is bad from f 2 to f 3 . Therefore, the broadband characteristic of the antenna is destroyed.
In Fig. 8 , the S 11 for different l 3 are shown. We observed that l 3 also mainly affect the resonance introduced by the bow-tie patch at about f 2 = 9 GHz like the same as w 4 in Fig. 7 . With the increasing of l 3 , the effective electrical length of the bow-tie patch increases and the resonant frequency f 2 decreases. When l 3 = 4 mm, there are three resonant frequencies: f 1 = 7.56 GHz, f 2 = 9.1 GHz and f 3 = 9.88 GHz. But the resonance at f 2 is weak, and the broadband characteristic of the antenna is destroyed. When l 3 = 6 mm, the resonant frequencies f 1 and f 3 are still at 7.56 GHz and 9.88 GHz, but f 2 decrease to 9 GHz. The resonance is enhanced and the widest bandwidth from 7.3 GHz to 10.3 GHz is obtained. When l 3 increases to 8 mm, f 2 decreases to 8.8 GHz, and the resonance is weakened. Then the bandwidth is narrow.
In Fig. 9 , the effect of l 2 on the impedance and S 11 are shown. We observed that l 2 mainly affect the resonance at the third resonant frequencies f 3 introduced by the feedline of the bow-tie patch near about 9.9 GHz. With the increasing of l 2 , the effective electrical length of the feedline increases and the resonant frequency f 3 decreases. When l 2 = 4 mm, there are three resonant frequencies: f 1 = 7.56 GHz, f 2 = 9 GHz and f 3 = 10.08 GHz. At these frequencies, the antenna has a better impedance matching. But at other frequencies, the antenna has a higher impedance. For example, the maximum real and imaginary parts of impedance from f 1 to f 2 can reach 142 and 54 , respectively. And the corresponding values from f 2 to f 3 can reach 123 and 16 , respectively. Then the antenna operates on three separate frequency bands, as shown in Fig. 9 (c) . When l 2 = 5 mm, the resonant frequencies f 1 and f 2 are still at 7.56 GHz and 9 GHz, but f 3 decreases to 9.88 GHz. And the antenna has a good impedance matching from f 1 to f 3 . Then the antenna has the widest bandwidth of 3 GHz. But as l 2 increased to 6 mm, the resonance at f 3 = 9.64 GHz is weakened because of the bad impedance matching, and the bandwidth is narrow. 
C. THE EFFECT OF PARAMETER G ON GAIN ENHANCEMENT IN THE LOW-FREQUENCY BANDWIDTH
In this section, we will discuss the effect of the gap width g of the CSRR on gain enhancement in low-frequency bandwidth. In Fig. 10 and Fig. 11 , the current distribution over the antenna at 7.56 GHz and the gain for different g are shown.
From Fig. 10 (a) , when g = 1 mm, the current intensity along the edge of the CSRRs are strong, but that over the waveguide and the bow-tie patch are very weak. It reveals that the loss of CSRR-SIW is large, and the electromagnetic wave leaks out in large quantities from the both sides. Therefore, the gain at about 7.56 GHz is only about 3.4 dBi, as shown in Fig. 11 . The propagation loss of the CSRR-SIW can be moderated by the gap width g of the CSRR [14] . In order to reduce the loss and enhance the gain in lowfrequency bandwidth, the gap width g is decreased. From  Fig. 10 (b) and Fig. 10 (c) , as g decreased to 0.8 mm and 0.5 mm, the current intensity over the waveguide and the bow-tie patch are enhanced continuously, and the gain at 7.56 GHz increase to 4.3 dBi and 5.2 dBi as shown in Fig. 11 , respectively. Meanwhile, From Fig. 10 (c) , when g = 0.5 mm, there is an obviously reduction in the current intensity along the edge of the outer CSRRs. It reveals that the loss of CSRR-SIW is negligible in this case.
Also, from Fig. 11 , we observed that the gain of the antenna is between 5.2 dBi to 6.1 dBi in the whole operating frequency range, which keeps at levels comparable to those dipole antennas fed by the traditional SIW. In addition, the decreasing of gap width g does not destroy the impedance bandwidth of the original antenna.
III. THE MEASURED RESULTS AND DISCUSSIONS
The photo of the fabricated antenna is shown in Fig. 12 . The magnitude of S 11 is measured with network analyzer Agilent N5230C. Fig. 13 shows the simulated and measured S-parameters of the proposed antenna. We observed that the center frequency of the antenna is 8.8 GHz, and the absolute bandwidth (S 11 < −10 dB) is about 3 GHz. The measured result agrees well with the simulated one. The radiation patterns are measured in anechoic chamber using the antenna test arrangement shown in Fig. 14 . The normalized radiation patterns are shown in Figure 15 . We observed that the measured results agree with the simulated one. Fig. 16 shows the measured gain and radiation efficiency of the CSRR-SIW antenna. We observed that the gain within the operating frequency range is flat. The minimum gain is 5.1 dBi and the maximum is 6 dBi from 7.3 GHz to 10.3 GHz. Also, the radiation efficiency is higher than 84 %. Table 2 compares the performances of the proposed bow-tie antenna based on CSRR-SIW and previously reported traditional SIW-fed dipole antennas. As observed, the proposed antenna achieves the widest impedance bandwidth and larger gain per unit area with a relatively smaller size.
IV. CONCLUSION
A broadband bow-tie antenna based on metamaterial-inspired CSRR-SIW was proposed. The CSRRs confined wave propagation within the SIW, and produced a resonant frequency, which combined with the two resonant frequencies produced by the bow-tie patch and the feedline of the bow-tie patch. Then the bandwidth is broadened. By decreasing the gap width g of the CSRR, the gain in the low-frequency bandwidth is enhanced without destroying its broadband characteristic. The fabricated antenna provided a gain of 5.1 dBi to 6 dBi over 7.3 GHz to 10.3 GHz, and a reflection coefficient of less than −10 dB. The proposed fully planar CSRR-SIW antenna could be easily integrated into systems for satellite and radar communications in C-band and X-band. Also, the proposed antenna achieves a wider impedance bandwidth and larger gain per unit area with a relatively smaller size compared with many traditional SIW dipole antennas. She is currently a Teaching Assistant with the College of Physics and Electronics, Shanxi Datong University, Datong, China. Her research interests include microwave and millimeter-wave integrated circuits, EMC, and microstrip antenna.
